We report on enhanced fluorescence of lead sulfide quantum dots interacting with leaky modes of slab-type silicon photonic crystals. The photonic crystal slabs were fabricated supporting leaky modes in the near infrared wavelength range. Lead sulfite quantum dots which are resonant the same spectral range were prepared in a thin layer above the slab. We selectively excited the leaky modes by tuning wavelength and angle of incidence of the laser source and measured distinct resonances of enhanced fluorescence. By an appropriate experiment design, we ruled out directional light extraction effects and determined the impact of enhanced excitation. Threedimensional numerical simulations consistently explain the experimental findings by strong near-field enhancements in the vicinity of the photonic crystal surface. Our study provides a basis for systematic tailoring of photonic crystals used in biological applications such as biosensing and single molecule detection, as well as quantum dot solar cells and spectral conversion applications.
Excitation and emission of fluorescent species can largely be affected by leaky modes of photonic crystals (PhCs). PhCs can be designed with specifically tailored optical properties 1 and have been intensely studied to improve systems that feature light emission, such as lightemitting diodes (LEDs) 2, 3 and biosensors 4 . Especially in the life-sciences, the applications range from photonic crystal enhanced microscopy and single molecule detection to enhanced live cell imaging, DNA sequencing and gene expression [4] [5] [6] [7] . Two processes can increase the light yield: (1) excitation enhancement by generating increased near-fields in the absorption wavelength range of the emitters, and (2) extraction enhancement by providing leaky-mode channels to improve the out-coupling of the fluorescent light 8 .
Extraction enhancement has not only been demonstrated for LEDs, but for nitrogenvacancy centers in diamond 9 , DNA microarrays 5 , molecules 10, 11 and quantum dots (QDs) [12] [13] [14] [15] .
Inducing extraction enhancement with PhCs has been demonstrated several times, both for intrinsic fluorescence of the PhC itself 9, 16 and for QDs embedded into the PhC 10,14 or on the PhC surface 13 . Extraction enhancement effects cause strong directional features of the emitted radiation which depend on the scattering angles of the involved leaky modes 10, 13 .
By excitation enhancement a significant increase in fluorescence of emitting species is expected in the vicinity of the PhC surface since the near-field energies of leaky modes can be orders of magnitude higher compared to the incident field 17 . In this way, PhC structures were applied to increase the efficiency of quantum dot solar cells 18, 19 and are shown to increase the quantum yield of up-conversion devices [20] [21] [22] . PhC-induced excitation enhancement of fluorescent QDs was shown for individual modes or overlaid with directional extraction enhancement effects 6, 15 . However, an identification of modes exhibiting strong near-field energy densities and the knowledge of the exact 3D spatial distribution in a defined volume is of great importance for enhanced light excitation and emission independent of directional characteristics, e.g. in biosensing, quantum dot solar cells and up-conversion devices.
In this study, we experimentally map the integrated omnidirectional fluorescence of lead sulfide (PbS) QDs interacting with leaky modes of a silicon photonic crystal slab by using an angle-and excitation wavelength-resolved setup. Directional characteristics of light extraction are eliminated by placement of the sample inside an integrating sphere, hence allowing a pure determination of excitation enhancement effects. By using finite element simulations, us to explain the experimental fluorescence enhancement features by leaky modes exhibiting a large local electric field energy density.
In order to realize a platform with increased electromagnetic near-fields, a silicon PhC slab on glass with a hexagonal lattice of cylindrical air holes is prepared (pitch: 600 nm, layer thickness: 116 nm, hole radius: 367 nm) using a process based on nanoimprint lithography, physical vapor deposition of silicon and solid phase crystallization 17, 23 . Figure 1 (a, left)
shows a scanning electron microscope image of the PhC with the two polar angle directions corresponding to the Γ − M and Γ − K paths between the high-symmetry points of the irreducible Brillouin zone. Subsequently, the PhCs are covered with spherical PbS QDs with a diameter of (5.6 ± 0.8) nm (manufacturer: CAN GmbH) using the convective assembly technique 24 -a high accuracy process that distributes the QDs evenly across the sample ( Fig. 1(a, right) ). They are originally solved in toluene and their surface is shielded by an oleic acid ligand (the toluene is removed in the covering process). We note that we value the thickness of the QD-oleic acid layer based on SEM images to range from about 100 nm to about 300 nm. 
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Reflectance We then measured the fluorescence of the PbS-QDs on the PhC surface experimentally in an angle-and wavelength-resolved setup ( Fig. 1(d) ) in a region of high QD-layer thickness in order to reach a sufficient signal (i.e. ∼ 300 nm). To achieve the fluorescence enhancement maps depicted in Fig. 3 (top row), each measured spectrum was first integrated over the fluorescence peak from λ = 1200 nm to λ = 1700 nm and normalized to the measured incident laser power and the absorption profile of the quantum dots. We further characterized the dependence on the incident angle of the integrating sphere using a planar reference (i.e.
the PbS/oleic acid system on an unpatterned silicon film of the same thickness as the PhC slab) and corrected the results correspondingly. With these corrections and subsequent background filtering, we find maps for the actual fluorescence F of the QDs. We find a minimal estimate for the fluorescence enhancement F + shown in Fig. 3 For a better understanding, we compare these experimentally determined fluorescence results to numerically obtained field energy enhancement maps in the bottom row of Fig. 3 (using the same logarithmic color scale for all maps). Please note that upper and lower row do not show the same physical quantity. For the determination of the electric field energy enhancement E + , we integrate the electric field energy density distribution u(r) = 
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See supplementary material for details on the fluorescence enhancement measurement setup, additional simulated 3-dimensional electric field energy distributions and a Q-factor analysis.
